one relation between retinal slip and performance error of compensatory eye movements only exists when all objects in a visual scene are at the same distance to an observer, and when they do not move with respect to each other.
We hypothesize that floccular complex spikes do not encode retinal slip, but rather represent the error in oculomotor performance. This would enable mechanisms such as LTD to shape the oculomotor response to an optimal value. To test this hypothesis, we recorded eye movements and floccular Purkinje cell activity in rabbits, while presenting two transparent flow patterns. If CF modulation is driven by retinal slip, the full set of flow patterns should determine the response. If CF signals relate to performance error, the modulation should be determined by the pattern that drives the eye movements. The exact prediction of what the CF do depends Figure 2A ). This is because the response gain (eye followed with a response gain that was virtually constant movement amplitude/ stimulus amplitude) is always during a trial ( Figure 1A) . Throughout this paper, we smaller than 1. We find response gains in the order of describe the stimulus luminance as a relative value: nor-0.5 to 0.7 with the chosen movement parameters in this
, where L m study. (see Figure 1) . These values are in line with the and L s are the luminances of the moving and the stationliterature (Collewijn, 1969). The consequence of the ary pattern. We have shown before that NL is the paramvalue of this gain is that the retinal slip velocity is about eter that determines the response of a rabbit to transparhalf the stimulus velocity relative to the environment. ent stimuli (Mathoera et al., 1999) .
When the rabbit makes an identical movement in re- Figures 1B and 1C show that the oculomotor behavior sponse to a transparent stimulus (for instance in the TM was comparable to the response to a single optokinetic condition), the dots of the stationary pattern create an pattern (NL ϭ 1) at higher values of NL, whereas the eyes additional slip pattern slip that moves exactly in countwere not moving at lower values of NL. The transition erphase to the slip that is generated by the moving between these two states occurred over a short trajecpattern ( Figure 2B) , with similar speeds. At TS, when tory of luminances, and was often complete within one the eyes do not move, a slip pattern is present on the measured step of NL. This means that in the majority retina, which moves in phase with the moving pattern of transparent conditions the eye movement behavior and has a retinal velocity that equals the stimulus velocwas either very similar to the behavior in response to ity in space ( Figure 2C ). the stationary pattern alone (NL ϭ Ϫ1), or to a single One critical test to compare performance error coding moving pattern (SP, NL ϭ 1). However, the NL values with retinal slip coding is to compare the CS modulation at which the shift from one type of behavior to the other at SP and at TM. occurred varied between animals and from day to day (1) If retinal slip is encoded, the response at TM should ( Figures 1B and 1C) . . This may cause the CS to respond differently. However, the maximum slip velocity under this condition complex spikes over time in the SP condition. The modulation did not cause "clipping," i.e., completely silencing is 1.6Њ/s, which is well within the dynamic range that is encoded by climbing fiber modulation in the anaesthethe climbing fiber input while rotating to the nonpreferred direction. This demonstrates that the CS modulatized rabbit (Graf et al., 1988). We conclude, therefore, that CS modulation is actively suppressed at TS. tion of the P cells was not driven into saturation. It also enabled us to fit a sine function through the spike To make this point even stronger, we stimulated five neurons with the same stimulus intensities as used for histogram. The phase and amplitude of this sine were taken as the phase and amplitude of the CS modulation.
the TS recording, while moving the moving pattern at half the amplitude (1.25Њ). This causes a set of retinal Sine fits with an r 2 Ͼ 0.5 were considered to represent a significant spike modulation. slip velocities that is very similar to the slip velocities that are present at TM. Nonetheless, no modulation was An example of the modulation of a representative P cell at SP, TM, and TS is shown in Figure 4 . In this found under these conditions ( Figure 4D ). This is in contrast to our observations at the TM condition. Also, this representative neuron, there is hardly any difference in the amplitude of the modulation of the CS in the SP (1.0 result is in disagreement with the prediction of retinal slip coding. sp/s, A) and in the TM (1.1 sp/s, B) condition. The phase difference is 8Њ. Thus, the firing behavior has hardly
In conclusion, no systematic effect of the stationary pattern on the response at TM could be observed, and changed, despite the considerably different flow pattern in the two conditions (see Figure 2) . At TS no significant likewise no effect of the moving pattern at TS. The same is true for all measured transparent conditions at NL modulation was observed (0.06 sp/s; r 2 ϭ 0.04; C). The phase differences in the CS modulation between values larger than TM and smaller than TS, respectively (data not shown). the TM and the SP condition of all (N ϭ 28) neurons are shown in Figure 5A . None of the neurons changed its phase over 180Њ (so A m Ͼ A s ). In five neurons, a small Discussion but significant (r 2 Ͼ 0.5) modulation was also present at TS. As expected, this modulation was also in phase with This paper studies climbing fiber input to the cerebellar flocculus, while "performance error" and "retinal slip" the responses in the other conditions. Because no 180Њ phase shifts were observed, the preare dissociated. Because we presented two optokinetic patterns simultaneously ("transparent motion"), eye diction of retinal slip coding is a systematic decrease of CS modulation amplitude. However, the fitted changes movements could not compensate for all slip information. We have shown that the modulation of complex of amplitudes at TM scatter around zero, and the mean change is insignificant ( Figure 5B, p Ͼ 0.05) . Thus, A s ϭ spikes in P cells of the flocculus does not change when an additional flow pattern is added to the optokinetic 0, which is in line with the performance error hypothesis. Note that this finding would also hold if the assumption stimulation. The complex spike modulation does not change under virtually identical motor conditions (i.e., of a linear interaction (see previously) is abandoned. When no contribution of the stationary pattern is found, response gain), despite a considerably different pattern of retinal slip. This means that the climbing fiber input any type of interaction, linear or nonlinear, is absent.
At TS, the response is small and often insignificant to the flocculus does not simply represent slip signals on the retina. Rather, it seems to correspond to the (23/28 neurons; see previously). This is also in agreement with the performance error hypothesis. The eyes difference between the velocity of the eye and the stimulus that triggers the movement. This is equal to the are now fixating a stationary pattern and do so almost perfectly. Therefore, the performance error is virtuperformance error of the eye. This signal is completely appropriate to represent errors in the oculomotor behavally zero. layers of the superior colliculus (DLSC; e.g., Wurtz and Goldberg, 1971 ). In the DLSC, the error is not between stimulus and eye, but rather between actual eye position and desired eye position. As a consequence, motor error bursts in the DLSC precede every saccadic eye movement, even in absence of a stimulus.
If the CF input to the flocculus is indeed a teacher signal, it functions to shape the P cell responses to mossy fiber input. Therefore, it makes sense from a functional point of view that the nature of this signal is motor related rather than being purely sensory. It is commonly assumed that the role of the floccular output is to optimize compensatory eye movements. The signal that teaches this output should therefore not be "contaminated" by sensory variation, but should rather represent the motor task that is to be performed as accurately as possible. In such a way, the relative simple learning rules that guide cerebellar LTD can be effective in teaching the correct motor response.
Performance error is related in a one-to-one fashion to the component in the retinal slip that drives the compensatory eye movement, and actually it may be just that. This sets the task for the pathways upstream of the flocculus to filter out all slip components that contain no information about the quality of the eye movement. For the stimuli that were used in this paper, such a mechanism could be reasonably straightforward, because the retinal slip velocity vector that is caused by the (irrelevant) stationary pattern is identical to the velocity of the eye in the head. Therefore, combining a mixed slip signal with an eye velocity signal could filter out the contribution of the S pattern slip, and result in the appropriate pattern selection.
Such a mechanism might take place in the IO itself. When analyzing complex spikes of P cells, one is actu- can only be functional to filter out slip that is due to a A performance error signal is more motor related than head-stationary stimulus, but is useless for segregation a purely sensory retinal slip signal is, because it is related between two or more moving stimuli. Responses to such to the (desired) output of the oculomotor system. Neverstimulation are currently under investigation in our labotheless, it is not a motor signal. In order to drive CS ratory. They are necessary to investigate whether the modulation, the presence of a visual stimulus is required. present findings can be generalized to all stimulus conFor example, during VOR in the dark, when the eye ditions. undershoots the head movement, no CS modulation occurs (for an exception, see Simpson et al., 1999) . from the "motor error" signals that are found in the deep
Animal Preparation
The transparent motion conditions were presented in random order. The total presentation time of all stimuli was roughly 30 min. Eight female Dutch belted rabbits were used for this study. All animals had implanted search coils in both eyes for eye position recording. A head holder made of acrylic cement was placed on the Histological Verification skull, and recording chambers were placed directly above the parAfter the experiments, the animals were sacrificed, and the electrode amedian lobule of the cerebellum. The details of these procedures tracks were reconstructed based on histology. All recordings were have been published elsewhere ( 
